In fission yeast, MBF-dependent transcription is inactivated at the end of S phase through a negative feedback loop that involves the co-repressors, Yox1 and Nrm1. Although this repression system is well known, the molecular mechanisms involved in MBF activation remain largely unknown. Compacted chromatin constitutes a barrier to activators accessing promoters. Here, we show that chromatin regulation plays a key role in activating MBF-dependent transcription. Gcn5, a part of the SAGA complex, binds to MBF-regulated promoters through the MBF coactivator Rep2 in a cell cycle-dependent manner and in a reverse correlation to the binding of the MBF co-repressors, Nrm1 or Yox1. We propose that the co-repressors function as physical barriers to SAGA recruitment onto MBF promoters. We also show that Gcn5 acetylates specific lysine residues on histone H3 in a cell cycle-regulated manner. Furthermore, either in a gcn5 mutant or in a strain in which histone H3 is kept in an unacetylated form, MBF-dependent transcription is downregulated. In summary, Gcn5 is required for the full activation and correct timing of MBF-regulated gene transcription.
INTRODUCTION
A conserved feature from yeast to human cells is the control of progression in the cell cycle, which is essential if cells want to continue proliferating appropriately (1) . Key players involved in the cell cycle control are the cyclin-dependent kinases (CDKs) that, together with the different cyclins, phosphorylate hundreds of substrates that promote advancement through the different phases of the cell cycle (2) . One of the key checkpoints of the cell cycle is placed at the end of the G1 phase, when there is the decision point between remaining in a state of quiescence (G0) or continuing the proliferative cycle. This point is known as Start in yeast and Restriction Point in mammalian cells (3) . In the fission yeast Schizosaccharomyces pombe, the progression through Start depends on the activation of the transcription factor MBF [Mlu cell-cycle box (MCB) Binding Factor], which is the functional homolog of E2F-RB in metazoans. MBF is a multimeric complex containing the essential core protein Cdc10 together with the DNA-binding proteins, Res1 and Res2 (4) , and the co-activator, Rep2, whose function remains largely unknown (5) . MBF mediates the G1/S specific transcription of <80 genes required for the completion of S phase (6) (7) (8) (9) . Canonical MBF targets include cdc22 (ribonucleotide reductase) (10) , cig2 (S phase cyclin) (11) , cdc18 and cdt1 (both are part of the DNA replication machinery) (12, 13) . Among the MBF-regulated genes, there are also some encoding proteins that are involved in a double negative feedback: whilst the cyclin Cig2 phosphorylates and inhibits MBF, Yox1 and Nrm1 bind the MBF complex at the end of S phase, switching off MBF-dependent transcription (14) (15) (16) (17) (18) .
Deregulation of this transcriptional program results in replicative stress, which ultimately may induce DNA damage (19) . Interestingly, when DNA replication is challenged, the checkpoint triggers an activation of the MBFdependent transcription through inhibition of Yox1 (15) . On the contrary, when the DNA damage checkpoint is activated, MBF-dependent transcription is downregulated through inactivation of Cdc10 (20) . The pathways regulating both checkpoints and the G1/S transcriptional network converging in a single transcription factor to maintain the genome stability are highly conserved among eukaryotes (21, 22) . The importance of this interrelationship between the Restriction Point and the checkpoints for maintenance of the appropriate cell cycle control is confirmed by the high number of mutations that arise in the components of these pathways during oncogenesis (23, 24) .
The promoter architecture of genes is an important feature to activate gene expression under suitable conditions. Nucleosomes not only are useful in compacting the genome, but also regulate DNA-related processes like transcription, since they are an impediment to the union of the transcriptional machinery (25) . The promoter architecture can be regulated by histone modifications, introducing posttranslational covalent modifications to histones (26) . These modifications impact transcription via two mechanisms: first, modulating the chromatin structure through alteration of the DNA-nucleosome interaction, allowing the entry of the transcription machinery to the promoters (27) ; second, serving as an anchor for the binding of proteins with specialized domains such as bromodomains or chromodomains (28) . Among all the histone modifications, acetylation has been widely correlated with gene activation. Schizosaccharomyces pombe has six acetyltranferases (HATs) involved in transcription regulation: Hat1, Mst1, Mst2, Gcn5, Rtt109 and Naa40. Gcn5 (General Control Non-derepressible 5) is a member of the GNAT family and the best-characterized HAT, serving as a prototype for histone acetyltransferase studies. Gcn5 is involved in the acetylation of histone H3 lysine 9 (H3K9), histone H3 lysine 14 (H3K14) and histone H3 lysine 18 (H3K18) (29) , and has a bromodomain, allowing its binding to acetylated H3 and H4 tails and potentiating cooperative nucleosome acetylation of histone H3 (30, 31) . Gcn5 is a part of the conserved SAGA complex, a multifunctional co-activator that contains 19 proteins, and it is composed of five modules with diverse activities: structural core, transcription factor-binding module, histone acetyltransferase, histone deubiquitinase (DUB) and TATA-box binding protein (TBP) modules (32, 33) . The acetylation carried out by the HAT module allows the chromatin landscape to be opened up for binding of additional transcription factors and the pre-initiation complex (PIC) (34) . Several SAGA subunits, including Spt3 and Spt8, collaborate (35) in the recruitment of TBP to facilitate PIC formation and transcriptional activation (35, 36) . Gcn5, together with SAGA, has been shown not only to be present at promoters, but also to localize to coding regions where they accompany Pol II during elongation and function to acetylate and evict nucleosomes from the gene coding regions (37, 38) . The DUB module promotes transcription elongation through deubiquitination of H2B, which allows recruitment of the Ctk1 kinase and subsequent Ser2 phosphorylation of the Pol II C-terminal domain (39) .
The mechanisms by which regulators and DNA-binding transcription factors affect the recruitment and biological function of SAGA in the G1/S transcriptional wave are not fully understood. In mammalian cells, target genes bound by E2F1-3 show an increase in acetylated histones in late G1 phase, in parallel with activation of E2F-dependent transcription (40) . While it has been shown that GCN5 interacted specifically with E2Fs stimulating its transcriptional activity (41) , recent studies have shown that GCN5 acetylates H3K9 of almost all active genes in both budding yeast and mammalian cells (42) . Additionally, E2F can also interact with KAT5, but the function of this HAT in E2Fregulated transcription is largely unknown (43) . In parallel, some studies have shown that CBP, p300 and the P/CAF can acetylate E2F itself, increasing its DNA-binding ability and its transcriptional activation (44, 45) . Later works have shown that p300 and P/CAF can acetylate the repressor RB rather than E2F (46) (47) (48) (49) . Therefore, the specific role of HATs in the control of G1/S transcriptional program remains unknown.
This study was sought to elucidate the HATs regulating the G1/S transcriptional wave in S. pombe. We screened the recruitment of the different HATs to MBF-regulated promoters. Gcn5 turned out to be the main HAT to be recruited in an MBF-dependent manner through the coactivator Rep2. Gcn5 acetylated H3K9 and H3K18 at MBF promoters during the G1/S transition, and this activity was required to maintain the full expression and proper timing of the G1/S transcriptional wave.
MATERIALS AND METHODS

Media, molecular genetics and growth conditions
All S. pombe strains are isogenic to wild-type 972 h-and are listed in Supplementary Table S1 . Media were as described previously (50) . Gene deletions or tagging were performed using a polymerase chain reaction (PCR)-based method (51) . All deletions were confirmed by PCR on genomic DNA. Tagging was validated by western blotting. The histone H3 mutant strains were done as previously described (52) . We cloned the entire h3.2 locus by PCR from a wild-type strain. The PCR product was inserted into a Bluescript plasmid. We used two overlapping primers containing the mutated codons to amplify with primers annealing upstream or downstream of the gene. The product of this PCR was used as DNA template in a PCR in which the two external primers were used to amplify the entire h3.2 histone gene. This PCR generated a mutated h3.2 gene that was confirmed by sequencing and inserted into a plasmid. The mutated h3.2 was amplified and used for transformation in a strain containing h3.2::ura4+ (FY4754 from Robin Allshire lab). Positive colonies were selected using 5-FOA. The new strains were confirmed by PCR and sequencing. To determine the viability of each mutant, they were crossed with a strain harboring h4.2::ura4 h3.1/h4.1Δ::his3+ h3.3/h4.3Δ::arg3+ (FY4640 from Robin Allshire lab). The final strains were confirmed by PCR and sequencing.
Drug treatment
HU treatments were carried out on mid-log grown cultures (3-4 × 10 6 cells/ml) in YE5S media. To analyze sensitivity to DNA damage sources on plates, S. pombe strains were grown in liquid YE5S media to an OD 600 of 0.5. Cells were then diluted in YE5S and 10-10 5 cells per dot in a final volume of 3 l (using a replica plater) were spotted onto YE5S media agar plates containing (or not) HU. Plates were incubated at 30 • C for 3-4 days.
Cell synchronization
Cultures were synchronized at the end of G2 phase using the temperature-sensitive strain cdc25-22 or at metaphase with cdc2-asM17 strain. For cdc25-22, cells were cultured in minimal media at the permissive temperature (25 • C) before shifting to non-permissive temperature (36 • C) for 4 h and then released at permissive temperature. For cdc2-asM17, cells were cultured in minimal media and blocked using 1 M 1-NM-PP1 for 4 h, and then released by filtering the culture into fresh media. Synchronization in G1 phase was done by nitrogen starvation: log-phase cells were arrested using minimal medium lacking nitrogen for 16 h. Cells were released adding 2.5 mg/ml of NH 4 Cl, and samples were collected every hour. Samples from synchronizations were Nucleic Acids Research, 2019, Vol. 47, No. 16 8441 analyzed on microscopy, FACS, RNA and/or ChIP experiments at the indicated time points. Septation index was measured from cell fixed in 70% ethanol and stained with 25 g/ml calcofluor.
Flow cytometry
Cells were fixed on 70% ethanol. After washing with 50 mM of sodium citrate, cells were suspended in 50 mM sodium citrate containing RNAse A (final concentration 0.2 mg/ml) at 37 • C overnight. About 50 mM sodium citrate containing propidium iodide (final concentration 2.5 g/ml) was added. Then cells were sonicated and the fluorescence intensities of stained cells was measured and analyzed on a FACSCalibur flow cytometer using CellQuest software. Twenty thousand events per sample were analyzed.
Northern blot
Total RNA was extracted from 40 ml of cells at an OD 600 of 0.5 by standard hot-phenol method, as described earlier (53) . About 10 g of extracted RNA was loaded on formaldehyde agarose gels and transferred to membranes, which were hybridized with the [␣-32 P]-dCTP labeled cdc18, cdc22 or act1 probes, containing the complete ORFs.
Reverse-transcription and quantitative (q)PCR
About 10 g of purified RNA were incubated with DNase I (Roche) for 30 min at 37 • C, followed by purification using acid phenol-chloroform extraction. Reverse transcription was performed on 4 g of total RNA using Reverse Transcription System (Promega), as indicated in the manufacturer's manual. The cDNA was diluted 1:2 prior to PCR amplification. cDNAs were quantified by real-time qPCR on Light Cycler II using Light Cycler 480 SYBR Green I Master (Roche). The error bars (SEM) were calculated from at least three biological triplicates, unless indicated otherwise. Primers are listed in Supplementary Table S2 .
Protein analysis
Protein extracts were made by trichloroacetic acid (TCA) extraction and analyzed by western blotting as described previously (54) . Antibodies used to detect proteins are listed in the Supplementary Table S3 .
Co-Immunoprecipitations
Co-immunoprecipitation analysis was carried out as previously described (55) , with minor modifications. Cells from 100 ml cultures at an OD600 of 0.5 were pelleted and resuspended in lysis buffer (50 mM Tris-HCl, pH 7.5, 120 mM KCl, 5 mM EDTA, 0.5% NP-40 and 10% glycerol, 1 mM PMSF, 0.5 mM DTT, protease inhibitors cocktail) and lysed in a cryogenic grinder. Lysates were centrifuged and supernatants transferred to new microtubes. Rep2-TAP was immunoprecipitated from cleared supernatants by adding IgG Sepharose (GE Healthcare) for 2 h at 4 • C. Immunoprecipitates were washed four times with lysis buffer. Proteins were released from immunocomplexes by boiling for 15 min in sodium dodecyl sulphate (SDS) loading buffer. Samples were separated by 8% SDS-polyacrylamide gel electrophoresis (PAGE) and detected by immunoblotting. Antibodies used to detect proteins are listed in the Supplementary Table S3 .
Chromatin immunoprecipitation (ChIP) assay
Chromatin immunoprecipitation (ChIP) assays were carried out as previously described (56) with minor modifications. Briefly, 50 ml of cells at an OD 600 of 0.5 per sample were cross-linked adding 1% formaldehyde for 10 min for Gcn5-HA ChIPs and 20 min for all other proteins at 25 • C; cross-linking was stopped with 125 mM glycine. Pellets were lysed with a bead beater in lysis buffer (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF). Lysates were sonicated, yielding chromatin fragments of ≈400 bp average size. Chromatin lysate was immunoprecipitated with specific antibodies (see Supplementary Table S3 ) and protein G-Sepharose beads overnight at 4 • C rotating. Beads were washed once in lysis buffer, twice in lysis buffer containing 0.5 M NaCl, twice in washing buffer (10 mM Tris, pH 8.0, 0.25 M LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA and 1 mM PMSF) and once in TE (10 mM Tris, pH 8.0, 1 mM EDTA). DNA was eluted by incubation of the beads for 20 min at 65 • C with elution buffer (50 mM Tris, pH 7.5, 10 mM EDTA pH 8.0, 1% SDS), and further incubation in TE with 0.67% SDS. Formaldehyde cross-linking was reversed by overnight incubation at 65 • C. Proteins were digested by incubation for 2 h at 37 • C with 0.3 mg/ml proteinase K and 0.04 mg/ml glycogen. About 125 mM NaCl was added, chromatin was purified by phenol/chloroform extraction and precipitated with cold ethanol for at least 2 h at −20 • C. DNA was precipitated, air-dried and resuspended in TE buffer. Recovered DNA was amplified by quantitative real-time PCR using Light Cycler 480 SYBR Green I Master (Roche). The error bars (SEM) were calculated from at least three biological triplicates, unless indicated otherwise. The primers used are listed in Supplementary Table S2 .
Scatter plots
Scatter plots were generated using R software and ggplot2 package. The processed data from RNA microarrays were obtained from (57) .
RESULTS
SAGA is recruited to MBF-regulated genes in a cell cycle and Rep2-dependent manner
To further elucidate the mechanism by which MBF was regulated, we decided to screen the binding of the different fission yeast histone acetyltransferases (HATs) to MBFregulated promoters. We tagged each of the HATs with either HA or Myc in their native chromosomal locations and confirmed that these tags rendered strains that behaved like wild-type fission yeast in the presence of hydroxyurea (HU) (Supplementary Figure S1 ). These strains were used to test their binding by ChIP to the promoter of the best characterized MBF-regulated genes, cdc18 and cdc22. As can be observed in Figure 1A , Gcn5 and Rtt109 were the HATs that showed more binding to the promoters and also had increased recruitment after treatment with HU. It was previously described that an overall increased acetylation on H3K56 during S phase, mediated by Rtt109, was required to recover from replication stress (58, 59) . However, no major effect on H3K56 acetylation at MBF-regulated promoters was observed during an unperturbed cell cycle (see below), which prompted us to focus on the role of Gcn5. Since Gcn5 may be part of the SAGA or the ADA complexes, tests were carried out to ascertain whether Spt7, a core subunit of SAGA, could also bind to MBF-regulated genes. We observed that the recruitment of both Gcn5 and Spt7 after HU-treatment was mainly to the promoter region of the MBF-regulated genes ( Figure 1B ). Next, we wanted to determine whether Gcn5 was also recruited to MBF-regulated promoters during an unperturbed cell cycle, and not only under replicative stress conditions. To do so, we synchronized cells at the G2/M transition and then analyzed the binding of Gcn5 as cells progressed into the cell cycle. As can be observed in Figure 1C , Gcn5 was recruited to the promoters from M to S phase, coincident with the transcriptional activation of cdc18 and cdc22.
To test whether the interaction between the MBF complex and the SAGA complex was direct, both complexes were co-immunoprecipitated. As bait, we decided to use the MBF co-activator, Rep2. As shown in Figure 2A , Gcn5 was specifically immunoprecipitated with Rep2 in a Tra1dependent manner, confirming the interaction between the MBF complex (Rep2) and Gcn5. In fact, the recruitment of Gcn5 to promoters after HU treatment was abolished in strains in which either Rep2 or Tra1 was absent (Figure 2B ). The fact that we could not detect an additive effect when both Rep2 and Tra1 were absent suggested that the interaction of both complexes was mediated through the interaction of Rep2 with Tra1. In fact, it was previously suggested that Tra1 was the SAGA complex protein that mediated the interaction with several transcription factors (32) . Here, we showed that this interaction also required the MBF core protein Rep2 to occur. This Rep2-dependency was also shown in synchronized cultures: in the absence of Rep2 it was not possible to detect the cell cycle-regulated recruitment of SAGA to MBF-regulated promoters ( Figure  2C and Supplementary Figure S2 ).
The co-repressors, Nrm1 and Yox1, block the recruitment of SAGA
The previous experiments showed that the SAGA complex was recruited to MBF-regulated promoters through the co-activator Rep2. However, activation of MBF-dependent transcription can be achieved through the release of the corepressor system Nrm1/Yox1, acting as a link between cell cycle and replicative stress with MBF-dependent transcription. To investigate whether Nrm1 and/or Yox1 also play a role in the recruitment of SAGA, we measured the recruitment of Gcn5 in strains deleted for yox1 or nrm1. As shown in Figure 3A , in a Δyox1 strain we detected full binding of Gcn5 even in the absence of HU treatment, when compared to a wild-type strain. This binding was even increased in a Δnrm1 strain, which correlated with the role of Nrm1 in bringing Yox1 onto the MBF complex.
To determine the epistatic relationship between the activator Rep2 and the co-repressors Nrm1 or Yox1, Gcn5 ChIPs were repeated comparing its recruitment in Δrep2, Δnrm1 and Δrep2Δnrm1 strains. As can be observed in Figure 3B , in the absence of both Rep2 and Nrm1 we could only detect a low level of Gcn5 recruitment onto MBF-regulated promoters, which was not enhanced after HU treatment. These results showed the essential role of Rep2 in Gcn5 recruitment to MBF-regulated promoters. In parallel experiments, we measured the expression of cdc22 and cdc18 (Figure 3C) , which faithfully reflected the amount of Gcn5 that was recruited at the promoters. These results suggested that although the co-activator Rep2 mediated the recruitment of the SAGA complex onto MBF-regulated promoters, the corepressors Nrm1 and/or Yox1 could act as a physical barrier to the loading of SAGA.
Gcn5 acetylates H3K9 and H3K18 at MBF-regulated promoters
It has been described that Gcn5 was involved in the acetylation of at least three different residues in histone H3, lysines 9, 14 and 18, with some overlapping functions with another HAT, Mst2. We decided to determine which of these sites were acetylated at the MBF-regulated promoters. First, the specificity of the commercial antibodies -against each of these acetylated residues was tested on extracts prepared from wild-type, Δgcn5, Δmst2 and Δgcn5Δmst2 fission yeast strains. While Gcn5 was indeed involved in the acetylation of lysine 9, 14 and 18, Mst2 was only responsible for the partial acetylation of lysine 14 (Supplementary Figure S3A ). Next, and as a first approach to determine which histone acetylation site was involved in the activation of MBF-regulated genes, we measured the H3K9, H3K14 and H3K18 acetylation at cdc22 and cdc18 genes, before and after HU treatment. As can be observed in Figure 4A , we detected an increase in the acetylation of these three residues after HU treatment. This increase was mainly observed in the promoter region of both genes. However, there were noticeable differences in the increase in acetylation among the three sites. While we detected a 3-or 4fold increase for H3K9 and H3K18, respectively, we only detected a 1.5-fold for H3K14 ( Figure 4B ), indicating that after HU treatment, the main targets of acetylation were lysines 9 and 18, whose global acetylation was mainly dependent on Gcn5. To confirm this and to specifically check on MBF-regulated promoters, we tested H3K9, H3K14 and H3K18 acetylation comparing wild-type and Δgcn5 strains, before and after treatment with HU ( Figure 4C ). As can be observed, Gcn5 was essential for the increase in the acetylation of H3K9 and H3K18 at MBF-regulated promoters after HU treatment. This leaves Mst2 as, probably, the main HAT involved in the H3K14 acetylation. Similarly, and as expected, Rep2 was also required to increase H3K9 and H3K18 acetylation at cdc18 and cdc22 promoters (Supplementary Figure S3B ).
To confirm that the acetylation of H3K9 and H3K18 at MBF-regulated promoters was transcription and cell cycle- and Δrep2Δtra1 cells expressing Gcn5-HA were treated (+) or not (−) with 12mM HU for 3 hours. Binding of Gcn5 to MBF-regulated promoters in these strains was determined by ChIP, as described. Significant differences before and after HU treatment were determined by the Student´s t-test (*P < 0.05). (C) Cultures of cdc25.22 gcn5-HA (red) cdc25.22 Δrep2 gcn5-HA (black) cells were synchronized at the G2/M transition. Samples were collected every twenty minutes and processed for Gcn5 ChIP onto cdc18 or cdc22 promoters. dependent and not an effect of the treatment with HU, we measured the H3K9, H3K14 and H3K18 acetylation on synchronized cultures comparing cells at the G1/S transition (when MBF-dependent transcription was fully induced) with cells in G2 (when MBF-dependent transcription was repressed). A noticeable increase could be observed in the acetylation of H3K9 and H3K18 concomitant with the activation of cdc22 and cdc18 transcription ( Figure  4D ) and a concomitant eviction of total histone H3, which was dependent on Rep2, Yox1, Nrm1 ( Supplementary Fig-ure S4A) and Gcn5 in synchronized cultures (Supplementary Figure S4B ). However, no changes were observed in the acetylation level of H3K14 in the synchronous cultures ( Figure 4D ). Overall, these results showed that the acetylation changes that we observed in H3K14 after HU treatment most probably reflected the activation of the checkpoint caused by HU treatment and not an effect of transcription, as proposed previously (60) . Furthermore, these changes in H3K14 acetylation were not caused by Gcn5.
H3K56 acetylation is another histone modification that could also be involved in the regulation of the G1/S transcriptional wave, since it was described to be increased in total extracts during S phase via the activity of Rtt109. We already showed that Rtt109 was recruited to some extent at MBF-regulated promoters after HU treatment ( Figure 1A) . When we measured H3K56 acetylation after HU treatment, we observed increased levels of acetylation throughout gene body of cdc18 and cdc22 and, specifically, to the promoter and terminator region of both genes ( Supplementary Figure S5A) , which reflected previous genome-wide observations (61) . However, the fact that we did not detect changes in the H3K56 acetylation in synchronized cultures (Supplementary Figure S5B ) and that cdc18 or cdc22 transcription was barely affected in Δrtt109 cells (Supplementary Figure S5DE) , led to the conclusion that this H3 modification did not have a major role in the normal regulation of the MBF-dependent genes, although it may have a minor role after HU treatment. Also, it is worth noting that we could detect a constitutive although partial Chk1 phosphorylation in Δrtt109 cells (Supplementary Figure S5F) , which indicated that the DNA damage checkpoint was activated in this background. In consequence, the minimal effect on transcription that we detected in Δrtt109 cells could be caused through Chk1 activation: it was previously reported that MBF-dependent transcription is reduced when Chk1 is activated (20) .
SAGA is required for the correct timing of MBF induction
It has been previously shown that SAGA was involved in the activation of transcription of a majority of genes in many organisms, including fission yeast (32) . We analyzed the effect that the deletion of each viable SAGA component (Δtra1, Δgcn5, Δada2, Δada3, Δsgf29, Δubp8, Δsgf11 , Δsgf73, Δsus1, Δada1, Δspt7, Δspt20 or Δspt8) has on the 15 best characterized MBF-regulated genes. As can be observed in Supplementary Figure S6A , the deletion of genes from either the structural core or the transcription factorbinding modules decreased, to some extent, the transcription of most of the analyzed MBF-regulated genes. To obtain a better view of the effect of the mutants, we represented a scatter plot of all gene expression changes, comparing Δtra1/WT versus Δgcn5/WT ( Figure 5A ), Δada2/WT versus Δgcn5/WT and Δspt7/WT versus Δgcn5/WT datasets ( Supplementary Figure S6B and C) . The expression of the MBF-regulated genes, which are shown in red, is downregulated when compared with the fission yeast transcriptome, indicating a specific effect of SAGA on the regulation of MBF-dependent genes.
Next, we decided to characterize the effect on cdc22 and cdc18 expression, comparing a wild-type strain with Δrep2, Δnrm1 (which would give the minimum and the maximum expected, respectively), Δgcn5 and Δnrm1Δgcn5 strains ( Figure 5B ). Whilst the effect on cdc22 and cdc18 expression caused by the deletion of gcn5 could be confirmed, the effect was more noticeable when the transcription of these genes was constitutively induced (compare Δnrm1 with Δnrm1Δgcn5 strains). Next, the expression of cdc22 and cdc18 in synchronous cultures released from a G2/M arrest was measured ( Supplementary Figure S7A and B) . As can be observed, the expression of cdc22 and cdc18 was decreased and slightly delayed in Δgcn5 cells. The analysis was extended to other MBF-regulated genes, with the same effect being observed ( Figure 5C ,D and Supplementary Figure S7C) , although it was more noticeable in those that are early induced genes, like cdc18 and cdt1, than in those belonging to the late-induced genes, like cdc22, cdt2, ssb1 and yox1.
The results shown above showed that Gcn5 (and SAGA) was involved in the acetylation of histones in the promoters of MBF-regulated genes and, in consequence, could have an important role in the G1/S wave of transcriptional activation. To confirm that Gcn5 was indeed acetylating histones at MBF promoters, we generated mutants in H3K9 and/or H3K18 to prevent their acetylation ( Figure 6A ). Interestingly, all mutants exhibited sensitivity to HU, with the double mutant H3K9RK18R showing a similar phenotype to the Δgcn5 strain ( Figure 6B ). As a first approximation, we measured cdc22 and cdc18 expression in these strains, comparing the asynchronous level to HU-treated cells. As can be observed in Figure 6C , the mutations (especially the double mutant, H3K9RK18R) moderately, but consistently, tapered down the expression of cdc18 and cdc22. Next, we measured the effect of the histone mutations on synchronous cultures. First, we introduced the two single H3 mutants and the double mutant in a cdc25-22 background, which would allow the arrest of the cells at the G2/M transition followed by synchronous release of the cultures. Unfortunately, these mutations in this genetic background did not allow for synchronization, since the cells were not properly released from the G2/M arrest. We decided then to use alternative systems to obtain synchronous cultures of these strains. First, we introduced the histone mutants in a cdc2-asM17 background, which allows the synchronization of the cultures in metaphase (62) . Both the cdc2-asM17 strain and the cdc2-asM17 H3K9RK18R strain progressed with similar synchronicity with the septation peak after 60 A and B) Cells treated (+) or not (−) with HU for 3 h were processed for ChIP against total histone H3, H3K9ac, H3K14ac and H3K18ac using primers covering promoter (prom), coding (ORF) and termination (term) sequences of the cdc18 and cdc22 genes. H3ac/H3 average ratios and SEM were calculated from three biological replicates. Significant differences were determined by the Student's t-test (*P < 0.05; **P < 0.01). Ratio of each H3 acetylation of treated versus untreated was calculated for promoters (B). (C) Wild-type and gcn5 mutant cells were treated (+) or not (−) with 12mM HU for 3 h and processed for ChIP to determine the ratio of acetylated K9, K14 and K18 in the promoters, as described in panel (A). H3ac/H3 average ratios and SEM calculated from three biological replicates are shown. Significant differences were determined by the Student's t-test (*P < 0.05; **P < 0.01). (D) cdc25-22 cells were released from a G2/M arrest, samples were collected at 40 min (G1/S) and 100 min (G2) and processed together with a sample from an asynchronous culture (AS) for ChIP to determine acetylated residues on the indicated promoters. H3ac/H3 ratios and SEM were calculated from biological triplicates. Significant differences were determined by the Student's t-test (*P < 0.05; **P < 0.01). (32) of gcn5 and tra1 mutant cells. The mRNA level of each mutant is relative to the levels of wild-type cells. Dots represent each of 3502 analyzed genes. The color of these dots represents the density of the points (less dense, purple, denser, yellow). Red dots represent the best characterized 15 MBFdependent genes. The scale of both axes is log10. (B) Expression of cdc18 and cdc22 was analyzed by RT-qPCR in the indicated strains and compared to the wild-type (WT). tfb2 was used as a control for normalization. Each column represents the mean value and SEM, calculated from three biological replicates. Significant differences were determined by the Student's t-test (*P < 0.05). (C and D) Expression of early (C) or late (D) MBF-dependent genes was analyzed in cdc25-22 and Δgcn5 cdc25-22 cells by RT-qPCR. Cells were synchronized at G2/M and after release samples were collected at the indicated times. tfb2 was used as a control for normalization. Values from asynchronous cultures (As) of cdc25-22 cells were set to 1 to allow comparisons across time and strains. Each column represents the mean value and SEM calculated from at least three biological replicates. The peaks of expression in cdc25-22 and cdc25-22 Δgcn5 are marked by a blue/red dot, respectively. min of the release (Supplementary Figure S8A ). We isolated RNA as cells progressed into G1 and S phases and measured the level of cdc22, cdc18, cdt1 and cdt2 mRNAs. As shown in Figure 6D , the expression of all the MBF genes that were tested was reduced in the H3K9RK18R strain when cells entered into G1 phase, compared to the wildtype strain. Interestingly, in this genetic background (cdc2-asM17), we did not observe decreased expression in the asynchronous cultures. To confirm that acetylation of histone H3 at lysines 9 and 18 was indeed required to achieve full induction of the MBF-regulated genes independently of the genetic background, we analyzed the expression of MBF-regulated genes in a wild-type background as they re-entered in G1 phase from a nitrogen starvation. While both strains, wild-type and H3K9RK18R, entered from G0 into S phase at roughly the same time (3 h after placed in fresh media) ( Supplementary Figure S8B) , the expression of the MBF-dependent genes was reduced in the H3K9RK18R cells, when compared to the wild-type cells (Δh3.1Δh3.3) ( Supplementary Figure S8C) , confirming the observation in the cdc2-asM17 cells.
DISCUSSION
Diverse nuclear molecular processes can be regulated through different levels of DNA packaging. Among them, transcription is one of the processes that is more tightly dependent on the level of chromatin compaction. Here, we propose that the HAT Gcn5 is required to fully activate the G1/S transcriptional wave through regulation of the MBF complex (Figure 7 ). This is achieved by active recruitment of the SAGA complex by the MBF co-activator and core element Rep2: the interaction between Rep2 and Tra1 (which is part of the SAGA complex) is responsible for bringing the Figure 6 . Acetylation of H3K9 and H3K18 is important to maintain full activation of MBF-dependent genes. (A) Extracts prepared from wild-type (Δh3.1Δh3.3) and the histone H3 mutants H3K9R (K9R), H3K18R (K18R) and H3K9RK18R (K9RK18R) were analyzed with the antibodies indicated on the right. Total histone H3 (␣-H3) was used as a control. (B) Five-fold serial dilutions of the fission yeast strains indicated on the right were spotted onto rich media (YES) or in media with 6 or 8 mM HU. Plates were incubated at 30 • C for 2-4 days. (C) Expression of cdc18 and cdc22 was analyzed by RT-qPCR in the indicated strains treated (+) or not (−) with HU for 3 h. tfb2 was used as a control for normalization. Normalized mRNA levels in the untreated wild-type (WT) and in the parental strain for the H3 mutants (Δh3.1Δh3.3) were set to 1 to allow comparisons across different strains. Each column represents the mean value and SEM calculated from four biological replicates. Significant differences were determined by the Student's t-test (*P < 0.05). (D) Expression of cdc18, cdt1, cdt2 and cdc22 was analyzed in cdc2-asM17 and cdc2-asM17 Δgcn5 cells by RT-qPCR. Cells were arrested at metaphase with 1 M 1-NM-PP1 inhibitor and after release, samples were collected at indicated times. tfb2 was used as a control for normalization. Normalized levels in asynchronous (AS) cdc2-asM17 strain were set at 1 to allow comparisons across time and strains. Each column represents the mean value and SEM calculated from at least three biological replicates. HAT activity to MBF-regulated promoters. In fact, this is the first time that the mechanism by which Rep2 manages to activate the transcription of MBF-regulated genes has been described. The HAT activity at MBF-regulated promoters is cell cycle-regulated, with its peak activity during the G1 and S phases of the cell cycle, which parallels a reduction in the total amount of histone H3 at these promoters. Interestingly, Gcn5 recruitment, rather than being positively regulated through a yet undisclosed regulation, seems to be only negatively regulated by the repressors of MBF activity, Nrm1 and Yox1. We have shown that Nrm1 (and Yox1, although to a lesser extent) interferes in the interaction between the MBF complex and the SAGA complex. In fact, in Δnrm1 or Δyox1 cells, Gcn5 binds constitutively to the MBF complex. The consequence of having a negative regulator dominant over a positive activator is that the MBF complex is always committed to inducing transcription, but inhibited when bound by Nrm1/Yox1. Somehow, this is reminiscent of how G1/S transcriptional wave is regulated in metazoans: the repression of hypophosphorylated pRB on E2F/DP1 is dominant over the transcriptional activators that are brought by E2F/DP1. Our findings also provide evidence supporting the hypothesis that the inhibition of MBF-dependent transcription happens as a consequence of the absence of positive regulators rather than an active mechanism required to stabilize repression.
Gcn5 is specifically brought to MBF-regulated promoters causing the acetylation of histone H3 at K9 and K18 residues. This acetylation is ultimately responsible for the transcription activation of the MBF-regulated genes at the G1/S transition. In the absence of Gcn5 or the timely acetylation of histone H3 at MBF-regulated promoters, cells are more sensitive to challenges to DNA synthesis. Thus, his-tone H3 mutants that cannot be acetylated at lysines 9 and 18 recapitulate the transcription profile observed in Δgcn5 cells in regard to MBF-dependent regulation. This does not imply that H3K9 and H3K18 are the unique acetylations that take place in MBF-regulated genes. We have shown that H3K14 is also acetylated by a different HAT, but only under replicative stress (Figure 4) , which is when Mst2 has its major role (60) . We have also shown that there is some acetylation on MBF-regulated genes at H3K56. In global genome studies, this acetylation, which was shown to be done by Rtt109, takes place during S phase and it is necessary to recover from DNA damage (59) ; and like the H3K14 acetylation, it is also related to replicative stress. However, we have shown that none of them take place under normal cell cycle progression in synchronous cultures. Finally, there is a fourth HAT, Mst1, that could be regulating MBFdependent transcription, although through a very different mechanism. It has been described that Mst1 can acetylate the histone variant H2A.Z (Pht1 in fission yeast) (63) . We have recently shown that H2A.Z acetylation affects the size of the Nucleosome Depleted Region (NDR); in the absence of H2A.Z acetylation, the NDRs preceding MBF genes decrease in size and transcription of MBF-regulated genes is downregulated (64) . Thus, histone acetylations on other sites cannot be ruled out, but we propose that acetylations on H3K9 and H3K18 are the main targets to activate the G1/S transcriptional wave. Further experiments to check the recruitment of other chromatin modifiers in the absence of Gcn5 or in the H3K9RK18R mutant are required to determine if the acetylation in these two sites is essential to recruit other chromatin regulatory proteins, and to understand how the signal is transduced to achieve the transcriptional induction of this group of genes.
